Despite successful use of Plant Growth Promoting Rhizobacteria (PGPR) in agriculture, little is known about specific mechanisms of gene regulation facilitating the effective communication between bacteria and plants during plant colonization. Active PGPR strain B. atrophaeus UCMB-5137 was studied in this research. RNA sequencing profiles were generated in experiments where root exudate stimulations were used to mimic interactions between bacteria and plants. It was found that the gene regulation in B. atrophaeus UCMB-5137 in response to the root exudate stimuli differed from the reported gene regulation at similar conditions in B. amyloliquefaciens FZB42, which was considered as a paradigm PGPR. This difference was explained by hypersensitivity of UCMB-5137 to the root exudate stimuli impelling it to a sessile root colonization behavior through the CcpA-CodY-AbrB regulation. It was found that the transcriptional factor DegU also could play an important role in gene regulations during plant colonization. A significant stress caused by the root exudates on in vitro cultivated B. atrophaeus UCMB-5137 was noticed and discussed. Multiple cases of conflicted gene regulations showed scantiness of our knowledge on the regulatory network in Bacillus. Some of these conflicted regulations could be explained by interference of non-coding RNA (ncRNA). Search through differential expressed intergenic regions revealed 49 putative loci of ncRNA regulated by the root exudate stimuli. Possible target mRNA were predicted and a general regulatory network of B. atrophaeus UCMB-5137 genome was designed.
Introduction
Diverse group of bacteria inhabiting plant rhizosphere and directly or indirectly enhancing the plant growth was termed in the literature as Plant Growth Promoting Rhizobacteria (PGPR) (Lugtenberg & Kamilova, 2009 ).
Rhizosphere provided these bacteria with a source of energy and organic compounds from plants (Sivasakthi et al., 2014) . In return, bacteria supplied plants with certain nutrients and protection from plant pathogens (Glick 1995).
Successful plant colonization by PGPR relied on multiple factors including but not limited to withstanding environmental stress (Reva et al., 2004) , efficient chemotaxis (Yssel et al., 2011) , effective communication within the bacterial communities and between bacteria and plants carried out by synthesized plant hormones and quorum sensing autoinducers (Lengeler & Postma 1999; Farag et al., 2013) . All the factors are directly or indirectly related to effective sensing of environmental signals and proper regulation of gene expression.
Utilizing PGPR for plant growth promotion was recognized as a potential alternative to chemical preparations. In contrast to chemical fertilizers and pesticides, PGPR were considered to be safe to humans and friendly to the environment and resident soil microorganisms (Vessey 2003; Bashan & de-Bashan, 2005; Sivasakthi et al., 2014) .
For an effective usage of biofertilizers and biopesticides based on PGPR, it is important to understand better the genetic mechanisms underlying the interactions of these bacteria with the host plants at early stages of rhizosphere colonization.
Bacillus strains are common in rhizosphere communities (Podile & Kishore 2007; Fan et al., 2013) . However, only a few studies on gene regulation in PGPR Bacillus have been reported. Differential gene expression regulations caused by the maize root exudates were reported previously on Bacillus amyloliquefaciens FZB42 that was proposed as paradigm of PGPR Bacillus (Fan et al., 2012; Kierul et al., 2015) . Gene regulation in Bacillus subtilis BSB1 under abiotic stresses was reported by Kohlstedt et al. (2014) . It was not clear whether these reports could be extended to other PGPR Bacillus, as it had been found that the activities of biotechnological importance were strain specific (Safronova et al., 2012) . There was little knowledge regarding plant colonization behavior of other bacteria of the B. subtilis group, such as B. atrophaeus. The strain B. atrophaeus UCMB-5137 was isolated from rhizosphere Genomics Workbench 7.0.3. Prediction of coding genes in the complete genome sequence was performed by using the RAST Genome annotation robot (Aziz et al., 2008) and then checked manually. Nomenclature of the gene names, where it was possible, was adopted from that of B. subtilis 168 (NC_000964). Locations of prophages and other horizontally transferred genomic islands were identified in the genome by using the SeqWord Genome Island Sniffer program (Bezuidt et al., 2009 ).
Gene orthology and phylogenetic studies
Orthologous genes in the genomes of B. atrophaeus UCMB-5137, B. amyloliquefaciens ssp. plantarum FZB42 
Gene co-expression analysis
Operons were predicted as syntenies of genes transcribed in the same direction with the spacer regions between genes smaller than 200 bp. It was assumed that the operon was regulated, if it comprised at least one gene regulated by more than 2 folds in comparison to the control condition with a calculated p-value ≤ 0.05 and without contradictions to the regulations of other genes in the operon. The 2 folds threshold was used in this case to make the results comparable with the stress response regulation patterns published by Sappa et al. (2013) and Kohlstedt et al. (2014) . Operon predictions and their transcriptional regulations were checked by using the SubtiWiki Web-based resource (Michna et al., 2015) . Putative transcription regulation binding sites were identified by using the software tools provided by DBTBS server (Sierro et al., 2008 ; http://dbtbs.hgc.jp/). Loci of 200 bp upstream of the first gene in the operons were searched for transcriptional factor (TF) binding sites by the DBTBS tools.
Co-regulation of genes at different conditions was estimated as four folds phi-correlation (Fleiss et al., 2013): ) )( )( ) (  (   22  21  12  11  22  12  21  11   21  12  22  11 n n n n n n n n n n n n        where n 11 -number of genes activated at both conditions; n 12 -number of genes activated at the first condition, but repressed at the second condition; n 21 -number of genes repressed at the first condition, but activated at the second condition; and n 11 -number of genes repressed at both conditions. The whole genome regulation network was constructed and visualized using Cytoscape 3.2.1 for Windows (64 bit) (http://www.cytoscape.org/cy3.html). Metabolic pathways for regulated genes were identified using the Pathway Tools software version 13.0 for 64-bit Windows 7 (Karp et al., 2010) .
Identification of differentially expressed non-coding RNA
Non-coding RNA (ncRNA) loci were identified by differential density of Illumina reads aligned against the intergenic spacer regions of the genome of B. atrophaeus UCMB-5137. They were considered as regulated by the root exudates, if their level of differential transcription exceeded the 3 folds threshold with at least 50 reads mapped to the region in the sample with the highest expression. To avoid false-positive identification of untranslated regions (5'-UTR) as ncRNA, only the loci flanked by oppositely regulated genes were considered in this work. Identified sequences were compared to the records of ncRNA in SubtiWiki database (Michna et al., 2015) and those reported by Fan et al. (2015) in Bacillus amyloliquefaciens FZB42. The level of sequence conservation of predicted ncRNA was checked by BLASTN search through the complete genome DNA sequences of B. subtilis ssp. subtilis 168 (NC_000964), B. amyloliquefaciens ssp. plantarum FZB42 (NC_009725), B. licheniformis ATCC 14580 (NC_006270), B. pumilus SAFR-032 (NC_009848), B. halodurans C-12 (NC_002570) and B. cereus ATCC 14579 (NC_004722). If the conserved regions were found at least in 3 different genomes, possible mRNA targets for predicted ncRNA then were identified by using CopraRNA (Wright et al., 2014) . Predictions of the target mRNA with p-value of ≤ 1×10 -5 were considered reliable.
Results and Discussion

Complete genome sequence of the strain UCMB-5137 and its phylogeny
In total, 2,233,142 paired-end Illumina MiSeq reads were generated from the RNA samples obtained from two bacterial cultures treated with the root exudates and 5,555,122 reads were obtained from the untreated cultures. The previously published complete genome sequence of B. atrophaeus UCMB-5137 (Chan et al., 2013) was updated by closing the gaps with the newly generated reads. A new version of the genome was deposited in the GenBank database under the accession number CP011802 (RefSeq NZ_CP011802.1, NCBI ASM38596v2).
BLASTP search through the sequences of genomes of 22 other publicly available microorganisms belonging to the B. subtilis group revealed 3,025 clusters of orthologous protein coding genes. To clarify the phylogenetic position of the strain UCMB-5137 within the B. subtilis taxonomic group, a super-alignment of all orthologous genes was analyzed by the Neighbor-Joining algorithm implemented in MEGA 6.0. The phylogenetic position of the strain UCMB-5137 is shown in Fig. 1 . The strain UCMB-5137 was grouped together with the reference strain of Bacillus atrophaeus. However, it was separated from the cluster of other multiple sequenced strains of this species. It was hypothesized that UCMB-5137 might represent a sub-species of B. atrophaeus but this hypothesis was not further analyzed in this study.
6 Fig. 1 . Neighbor-joining species tree constructed for the selected organisms of the B. subtilis group based on concatenated alignments of amino acid sequences of orthologous proteins.
Gene expression profiling
Up-and down-regulated genes in samples treated by the root exudates compared to the control samples were determined with the fold difference exceeding the factor of 3 and p-value ≤ 0.05. The detected genes were grouped by their functional associations (supplementary Table S1 ). A ratio of 54 up-regulated versus 152 down-regulated genes was observed in the total set of samples. Particularly: amino acid, nucleotide, carbohydrate and fatty acid biosynthetic pathways, anaerobic respiration pathway and also the associated ABC-transport systems were mainly down-regulated by the root exudates. It was also true for all genes associated with identified prophages and horizontally transferred genomic islands. Contrary, several genes for cell surface protein biosynthesis and posttranslational processing, aerobic respiration genes and also multiple transcriptional regulators were stimulated by the root exudates. Genes involved in DNA replication and cell division processes were mostly up-regulated by the root exudates that. However, the bacteria treated with the root exudates did not show any increase in the rate of growth.
More details on metabolic pathway regulation may be found in Table S1 .
Many of the genes activated by the root exudates were associated with the stress response and detoxification.
Activation of the GABA shunt and spermidine biosynthesis indicated a preparation to oxidative and/or acidic stresses (Feehily & Karatzas, 2013) . Activation of the stress response genes in PGPR organisms by the root exudates was reported in a previous study (Matilla et al., 2007) . Through the observed up-regulation of the SasA alarmone biosynthesis pathway it was hypothesized that the level of (p)ppGpp might be increased in bacteria treated with the root exudates. The alarmone (p)ppGpp could trigger a stringent response in bacteria experiencing nutrient exhaustion.
No signs of the stringent response were observed at the control conditions when the medium was the same but without the root exudates. We therefore concluded that there should be no real nutrient exhaustion in the medium.
According to Braeken et al. (2006) , (p)ppGpp alarmone was also involved in many physiological processes including adaptation to changed environmental conditions and interactions between bacteria and eukaryotic cells.
Aligning of the DNA reads against non-coding intergenic loci of the complete genome sequence of B. atrophaeus UCMB-5137 showed multiple differently expressed regions, which could not be translated to any putative proteins. A search for differentially regulated intergenic spacer regions revealed at least 49 loci of putative ncRNA. Genomic location of the identified ncRNA, their neighboring genes, possible mRNA targets and known ncRNA orthologs are listed in Table 1 . Out of these 49 ncRNA loci, 40 were up-regulated by the root exudates. There were many other down-regulated intergenic spacer loci; however, since it was difficult to distinguish them from putative 5'-UTR as they were surrounded by down-regulated neighbor genes, these loci were not considered in this study. (Michna et al., 2015) and DBTBS databases (Sierro et al., 2008) . Both species belonged to the same group of related organisms, which were not easily distinguished even by the 16S rRNA sequences (Safronova et al., 2012) . We concluded that the transcription regulatory network known for B. subtilis might be fully applied to study the regulation of the orthologous genes in B. atrophaeus. Supplementary Table S1 presented known activators and repressors associated with the regulated genes. A visualization of the superimposition of the gene regulations in UCMB-5137 under the root exudate stimuli over the regulatory network of B. subtilis was shown in Fig. 2 . Clusters of co-regulated genes in Fig. 2 were titled by the corresponding TFs or sigma-factors.
Inconsistence in regulation of the protein coding genes and the corresponding TFs was depicted by red edges linking the nodes of the genes and TFs. For example, if a gene encoding a transcriptional activator was up-or downregulated, it was expected that all the genes dependent on this activator would be regulated accordingly. Many general stress response genes were up-regulated by the root exudates, especially those controlled by the SigB stressosome ( Fig. 2A) . To identify specific regulations not associated with the general stress response, the pattern of gene regulation observed in the current study was compared to the stress response patterns reported earlier (Sappa 2013; Kohlstedt et al., 2014) . Significant correlation was observed between the gene regulation patterns triggered by the root exudates and those under nutrient stringency and high temperature stresses, while the congruence with the low temperature growth and osmotic stress conditions was lower. It might be explained in a way that the nutrient stringency, higher temperature growth and plant root colonization were all associated with an increased oxidative stress resulted from accumulation of free radicals (Lamb & Dixon, 1997) . Majority of the genes activated at the stress conditions and in the current experiment were controlled by SigB and partly by SigW (Table 2) . Down-regulations of gene expression at all these conditions was controlled by CodY and several other repressors. The genes regulated oppositely to the patterns of the general stress response were of interest for us as they most likely were associated with the specific response of B. atrophaeus UCMB-5137 to the root exudate stimuli. In total, 250 operons were identified comprising 426 protein coding genes. All these genes were controlled by multiple TFs and sigma-factors (Table 2) , particularly by AbrB and Abh (transition to stationary phase), PerR (peroxide response), CggR (glycolysis activator) and WalR (synthesis of cell wall proteins). However, regulation of many of these genes in Bacillus was Table S2 . A combined overview of known and predicted TFs involved in regulation of these operons is shown in Fig. 3 . The major repressors activated by the root exudate stimuli were CcpA (mediated carbon catabolite repressor), CodY (pleiotropic repressor), TnrA (nitrogen assimilation regulator) and Spo0A. However, the role of the latter regulator should be taken cautiously as at the treatment condition the effect of Spo0A most likely was modulated by other unknown transcriptional factors (see Fig. 2 and the discussion above). The major activators were AbrB and SigH (both regulated the transition to stationary phase and the cell growth rate), SigB and PerR (general stress and oxidative stress response, respectively). Fig. 3 highlighted a possible crucial role of DegU in regulation of the plant root colonization by Bacillus. The DegU binding sites were identified in front of almost all regulated operons; however, only some of them were reported in the literature as parts of the DegU regulon. It is known that DegU in B. subtilis is an important regulator of many processes including chemotaxis, motility, extracellular secretion, quorum sensing and biofilm formation (Msadek et al., 1991; Murray et al., 2009; Gupta & Rao, 2014; Omer et al., 2015) . It was reported that inactivation of DegU in B. amyloliquefaciens FZB42 led to impairing in efficient root colonization (Budiharjo et al., 2014) . Finding of DegU binding sites in front of the operons specifically regulated by the root exudates confirmed the importance of this TF for plant colonization behavior.
Role of ncRNA in gene regulation under root exudate stimuli
It was known that many TFs were controlled by ncRNA. For example, it was reported for AhrC regulator (Brantl & Brückner, 2014) . Conflicted regulation of the genes controlled by AhrC was observed in this study. Also, conflicts were observed in the regulation of genes controlled by SigB, SigW, SigF, YwaC, Spo0A, FadR and several other TFs (Fig. 2) .
The majority of ncRNA identified so far in B. subtilis were antisense translational inhibitors including dual-function genes encoding both regulatory RNA and small regulatory proteins. One example of the dual-function genes was SR1 (Brantl & Brückner, 2014) . In B. atrophaeus UCMB-5137, SR1 corresponded to the predicted protein coding gene D068_15140, which was not regulated by the root exudates. Two other genes D068_34490 and D068_15550 predicted in UCMB-5137 as small unknown proteins had shared sequence similarities with bsrI and csfG regulatory RNA of B. subtilis, respectively. These genes were repressed by the root exudates. Multiple cis-encoded phage related antitoxins were repressed by the root exudates together with all the phage related genes.
Many ncRNA predicted in this study had showed significant sequence conservation in different species of Bacillus despite being located in variable intergenic spacer regions. This conservation allowed prediction of possible target mRNA by using CopraRNA Web-service (Table 1) . Contributions of the found ncRNA to the gene regulatory network of B. atrophaeus UCMB-5137 were summarized in Fig. 2A . Six predicted ncRNA, -ncr628, ncr818, ncr2198, ncr3198, ncr3519 and ncr3877, -were located near the promoter regions of the genes, which were their most likely targets. Other six ncRNA, -ncr20, ncr628, ncr1092, ncr1829, ncr2198 and ncr3198, -aimed at different transcriptional regulators. Particularly, the genes of the SpoIVB regulon including mraZ, which was reported in several studies as a new TF inhibiting the cell division (Meile et al., 2006; Eraso et al., 2014) , most likely were under control of the predicted ncRNA ( Fig. 2A) .
Among other potential targets of the predicted ncRNA, there were several genes, which have not been associated with any TF regulons in SubtiWiki. In Table 1 , these genes were depicted by the bold typeface. In general, ncRNA were considered in the literature as translational inhibitors. However, several ncRNA were reported to be able to prolong the lifetime of mRNA (Wagner & Romby, 2015) . It may explain the observed differences in RNA abundance of several genes, which presumably were controlled in B. atrophaeus UCMB-5137 exclusively by ncRNA under the root exudate stimuli.
Comparison of the gene expression profiles of B. atrophaeus UCMB-5137 and B. amyloliquefaciens FZB42 stimulated by the root exudates
It was interesting to study to which extent the gene regulation by the root exudate stimuli in B. atrophaeus UCMB-5137 was congruent to that reported previously for the paradigm PGPR B. amyloliquefaciens FZB42. The gene expression profile of B. atrophaeus UCMB-5137 from the current research was compared to the microarray and proteomics profiles of B. amyloliquefaciens FZB42 published earlier (Fan et al., 2012; Kierul et al., 2015) . The transcriptional profiles appeared to be substantially different (Table 3) . For example, the chemotaxis and motility genes were down regulated in B. atrophaeus (see also the supplementary Table S1) The similarity between B. atrophaeus UCMB-5137 and B. amyloliquefaciens FZB42 was in activation of the genes ymcA and luxS controlling biofilm formation (Nicolas et al., 2012) . It is known that luxS is also an activator of synthesis of the quorum sensing autoinducer AI-2 (Ruzheinikov et al., 2001 ). Activation of ylbF, which is an antagonist of the biofilm repressor SinR (Kearns et al., 2005) , was also observed in B. atrophaeus UCMB-5137 treated by the root exudates. FlaA flagella protein synthesis was activated by the root exudates in both organisms. It was reported in a study on Bacillus cereus that FlaA was important for biofilm formation and had nothing to do with other flagellin proteins (Houry et al., 2010) , which were down-regulated by the root exudates in B. atrophaeus UCMB-5137. These observations confirmed the activation of the quorum sensing triggered biofilm formation in B. atrophaeus UCMB-5137 and B. amyloliquefaciens FZB42 in response to the root exudate stimuli.
The most striking and unexpected effect on gene expression in B. atrophaeus UCMB-5137 treated by the root exudates was the strong stringent response presumably triggered by the alarmone (p)ppGpp. Summarized scheme of interactions between the key TFs and the regulated genes is shown in Fig. 4 . Similarities in the responses to the treatment with root exudates in B. atrophaeus UCMB-5137 and B. amyloliquefaciens FZB42 were represented on the right part of the Fig. 4 , and the dissimilar regulations were shown on the left part of the figure. The stringent response and general catabolic repression by CcpA could explain all the differences between the expression profiles of these two microorganisms. The stringent response was known to be accompanied by the general stress response (Eyman et al., 2002) and by activation of the SigB stressosome that caused up-regulation of many general stress response genes (Hecker et al. 2007 ). The results of our study were in agreement with the previous publications that reported significant down-regulation of the SigD activator of motility and chemotaxis by different stress conditions (Sappa 2013; Kohlstedt et al., 2014) . This effect might be linked to the activation of the CodY repressor, which also repressed the amino acid metabolism and many other metabolic pathways at the time of transition from the exponential to stationary growth phases in response to shortage of nutrients (Serror & Sonenshein, 1993; Bergara et al., 2003) . It remained unclear which factors could trigger such strong stress on B. atrophaeus UCMB-5137 resulted from an addition to the medium of a tiny amount of the root exudates. It was hypothesized that the stress could be associated with the metabolic repression caused by CcpA. The major function of the CcpA repressor is to optimize the carbon and nitrogen metabolism by repressing the pathways of utilization of less convenient sources of nutrients, when there is an abundance of easily accessible sugars and ammonium (Wacker et al., 2003; Görke & Stülke, 2008) .
Normally CcpA is activated by glucose, which is a major component of the root exudates (Fan et al., 2012) .
However, other components, i.e. organic acids, melibiose and traces of amino acids, might intensify this response.
The amount of the root exudates added to the medium could not provide any sufficient increase in the amount of nutrients, but it could mislead the bacteria by signaling the presence of plant roots suitable for colonization in the 
Conclusion
The current study showed limitations of our knowledge of the gene regulatory network in B. subtilis and related organisms. The whole dimension of the gene regulations by small non-coding RNA is still to be discovered.
Significant alterations in the gene regulation profiles between B. atrophaeus UCMB-5137 and the paradigm PGPR strain B. amyloliquefaciens FZB42 demonstrated that PGPR could use different strategies for plant colonization. It may be important to count for these differences to achieve an optimal performance of the biopesticides and biofertilizers based on PGPR. It was concluded in this work that these differences could be explained by hypersensitivity of UCMB-5137 to the root exudate stimuli impelling it to a sessile root colonization behavior through the CcpA-CodY-AbrB and probably DegU regulations. It was found that the general stress response genes were significantly up-regulated in UCMB-5137 by the root exudates that might result from the repression of catabolism by CcpA activated by chemicals components of root exudates. Regulation of many genes by the root exudates was inconsistent with our knowledge on the gene regulation in B. subtilis. It was demonstrated that ncRNA interfered with the gene expression regulation at the time of rhizosphere colonization.
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